Abstract In 2010, the joint French-United States Concordiasi project released 19 long-duration superpressure balloons from McMurdo Station, Antarctica. Four of these balloons carried a gondola with particle counters and temperature sensors to measure polar stratospheric clouds. One gondola spent 5 days at stable temperatures between equilibrium temperatures for nitric acid trihydrate (NAT) and for supercooled ternary solution droplets. Sporadic particles with radii between 0.46 μm and 4.5 μm were measured in a small fraction of the measurements. At these times the corresponding size distributions and total particle volumes were consistent with NAT. Although the fraction of these observations was less than 3%, their frequency increased with time over the 5 days. From this frequency the NAT nucleation rate at 3°C below T NAT was estimated to be 2 × 10 À4 m À3 s À1 ± 60% for these late winter austral NAT observations at a potential temperature of 410-415 K. Interspersed with these measurements of polar stratospheric cloud particles consistent with NAT were many more measurements of particles consistent with background stratospheric aerosol indicating that the polar stratospheric clouds sampled were highly discontinuous.
Introduction
Polar stratospheric clouds (PSCs) have been observed over the poles dating back to the 1870s [Stanford and Davis, 1974] and were a puzzle in satellite observation in the early 1980s [McCormick et al., 1982] ; however, significant research regarding these clouds was sparked with the discovery of their relationship to ozone depletion [Farman et al., 1985; Solomon et al., 1986; Hofmann et al., 1987] . Subsequent theoretical considerations [Crutzen and Arnold, 1986; Toon et al., 1986] suggested that PSC particles contain nitric acid and water, while lidar observations showed two growth modes for PSCs, one above the frost point, T ICE , and one below [Poole and McCormick, 1988] . Particles existing above T ICE were believed to consist of nitric acid trihydrate (NAT) [Hanson and Mauersberger, 1988; Pueschel et al., 1989] and those below T ICE as ice. Dye et al. [1990] compared model volumes of NAT and ice to aircraft measurements and found many cases when the particle concentration measurements were not consistent with either NAT or ice. This led to the identification of an intermediate solution droplet of sulfuric acid, nitric acid, and water, now referred to primarily as supercooled ternary solutions (STSs) [Dye et al., 1992; Carslaw et al., 1994; Tabazadeh et al., 1994] , although occasionally as liquid ternary aerosol.
Field observations by a balloon-borne mass spectrometer provided the first direct measurements of NAT particles within a PSC [Voigt et al., 2000; Schreiner et al., 2003] ; however, NAT has not been found in many observations at temperatures below the NAT point in the Arctic Deshler et al., 2000] and Antarctic [Dye et al., 1996; Del Negro et al., 1997] , indicating the presence of a nucleation barrier [Zhang et al., 1996; Koop et al., 1997] . Suggestions of the presence of a nucleation barrier for NAT and the consequences for the vertical extent of denitrification were also illustrated with the observations of very large NAT particles by Fahey et al. [2001] . Laboratory measurements have required temperatures below T ICE for NAT to form [Middlebrook et al., 1993; Koop et al., 1995] . Some field measurements are consistent with an ice-based nucleation mechanism [Carslaw et al., 1998; Tabazadeh et al., 1994] , and models have assumed an ice mother cloud as the source of large NAT particles [Fueglistaler et al., 2002] , which is consistent with some observations [Pitts et al., 2011] . Other field observations, coupled with temperature histories, however, show that there also must be a non-ice nucleation mechanism for NAT formation [Larsen et al., 1997; Deshler et al., 2003a] . Assuming NAT does not require temperatures below T ICE to nucleate, the rate of this nucleation has been modeled to match observations Davies et al., 2005; Larsen et al., 2004; Grooβ et al., 2005; Tabazadeh et al., 2001] .
WARD ET AL.
The following shows the first measured NAT nucleation rate by in situ particle measurements from a balloonborne gondola floating in an air parcel. These quasi-Lagrangian measurements observed, sporadically, particles greater than 1 μm radius that had been initiated, without temperatures cooling below T ICE after an extended time period below T NAT .
Project/Instrumentation
In 2010, the joint French-United States Concordiasi project completed its final set of field measurements with the release of 19 long-duration superpressure balloons from McMurdo Station, Antarctica [Rabier et al., 2013] . Thirteen balloon gondolas contained 50 pressure, temperature, and humidity sondes which were dropped on demand for comparison with nearly simultaneous satellite observations, particularly in regions where satellite retrievals of the state parameters have difficulty. Six carried in situ instruments to measure ozone, while four of these also carried particle counters. The four particle instruments were Wyoming laser particle counters (WLPCs) to measure stratospheric particle size distributions. Each gondola also carried a GPS receiver to measure balloon position (from which the wind is deduced) and a meteorological package (called "Tsen") to measure temperature and pressure [Hertzog et al., 2007] .
Specifically, temperature is measured by two 130 μm diameter thermistors located 7 m below all other instrumentation. This distance was established by previous test flights showing this distance to be sufficient to escape the majority of gondola or balloon influence. Boccara et al. [2008] have shown a good agreement between previous superpressure balloon and analyzed temperatures over Antarctica, except for small-scale motions, e.g., gravity waves, which are not resolved by models. The thermistors are exposed to solar radiation creating~1°C warm bias during the day. This warm bias was corrected by comparing systematic differences between daytime and nighttime measurements [Hertzog et al., 2004] . The precision of the thermistor measurement was found to be 0.25°C, the standard deviation of the distribution of temperature differences for each gondola thermistor pairs over all Concordiasi flights. The temperature used for analysis of a single gondola is the mean of the two measurements at each sampling time.
The white light optical particle counters (OPCs) typically flown on sounding balloons in the midlatitudes and polar regions by the University of Wyoming [Deshler et al., 2003a [Deshler et al., , 2003b could not be used on the long-duration balloons due to temperature sensitivity and limited lamp lifetimes. The WLPC, which was developed by Particle Metrics Inc., Boulder, Colorado, and modified for atmospheric aerosol measurements by the University of Wyoming, has been flown from Laramie, Wyoming, in comparison with the white light OPCs [Glen, 2007] . The Laramie measurements have primarily transitioned to the WLPC, based on the reasonable agreement between the new and older instrument. Although not initially developed for longduration ballooning, the WLPC could be adapted, without major modification to the sampling method, to this harsher sampling environment, requiring limited power consumption and ability to start at À40°C after cold soaking.
Although in principle the WLPC is quite similar to the OPC, there are some differences, which will be described here as this is the first introduction of this instrument into the literature, aside from the thesis of Glen [2007] . Within the WLPC particles are drawn through a straight inlet into an open cavity laser. Small particles in the laser cavity are sensed through collection of side-scattered light, larger particles through the extinction of the forward laser beam. Instruments were calibrated to measure particles in eight channels with size thresholds at 0.075, 0.15, 0.25, 0.5, 1.0, 2.5, 5.0, and 15.0 μm radii, extending the measurement range of the older OPCs in both directions. All particle sizes are given in radius. For the measurement presented here the flow rate is 10 L/min, sampling frequency is 0.1 Hz, and the sizing uncertainty is ± 10%. These physical characteristics are quite similar to the OPCs described by Deshler et al. [2003b] , and thus, minimum detectable concentrations, concentration uncertainties due to Poisson counting statistics, and uncertainties of particle size distribution moments are the same as for the OPC. Minimum detectable concentrations are 6 × 10 À4 cm
À3
of the constant volume gear pump. Due to logistical constraints and temperatures experienced during this flight, the WLPC was left turned on, sampling for 2 of every 15 min period nearly throughout the flight. An example hour of WLPC measurement is shown in Figure 1a as the instrument was turned on for that day, showing the initial 15 min and then each subsequent 2 min sample. Particles < 0.25 μm were measured throughout with one short period with particles in the larger channels. The concentration remained consistent for particles at the two smallest sizes, indicating consistency from one measurement to the next. This consistency indicates that the intermittent data collection technique was equivalent to obtaining 2 min samples from one continuous sample. Aside from saving instrument power, the intermittent sampling limited self-contamination of the measurements from instrument exhaust as the balloon drifted with the air parcel, since at least all initial measurements in a 2 min sample would be free from such exhaust. The WLPC was only sampling for 13% of the flight time, and the exhaust was separated from the intake by 0.5 m. Implicit in the measurements is the assumption that the particle environment around the gondola was not influenced by the gondola nor by the exhaust from the WLPC. There is no way to confirm this. The fact that in the 2 min sampling period the measured concentrations were nearly static and that large particle observations were scattered randomly within that period, Figure 1b is suggestive that the WLPC exhaust is not causing a bias.
Eight 2 min samples, irregularly distributed throughout the day on 12 September of the WLPC flight when temperatures were below T NAT , are shown in Figure 1b . These samples also show, throughout the day, highly consistent measurements for particles < 0.25 μm. Measurements of particles larger than 0.50 μm and up to 5.0 μm appear randomly within most 2 min sample periods.
Due to the unpredictability of the long-duration balloon flight paths and the inaccessibility of landing locations, the return of the WLPCs after flight was considered highly unlikely. Fortunately, luck was on the side of science. Three of the four WLPCs were recovered. The first WLPC released from McMurdo had an instrument command module that failed after 6 days; however, the balloon continued around the vortex passing near McMurdo where it was cut down after 8 days of flight. The instrument then remained on the ice for a month until it could be recovered by helicopter. Another WLPC flew for about a month before being similarly cut down near McMurdo and retrieved. The third WLPC flew for over 2 months before it was cut down over Tasmania, Australia, in December and recovered. The fourth instrument failed prior to making any useful measurements and was lost.
After returning from Antarctica, postflight tests were performed to check the channel size boundaries on all three recovered instruments. These tests indicated that the channel boundaries were at the expected sizes within ± 20% between preflight calibrations and postflight tests. These results seem quite reasonable considering the harshness of the conditions experienced by the WLPCs. In spite of the lucky recoveries, and the positive postflight checks, there were either serious in-flight problems, or the instruments did not manage to sample microphysically interesting temperature environments, for the second and third WLPC flights. Thus, the focus of analysis here is on the first WLPC which was released late on 8 September and reached its ceiling in an air parcel at temperatures warmer than T NAT . The air parcel then cooled to remain at temperatures between T NAT and the temperature when STS would be expected, until the command module failed on 14 September. Postflight tests of this WLPC indicated size boundaries at 0.085, 0.13, 0.25, 0.46, 1.20, 2.50, 4.50, and 12.0 μm and the nominal size uncertainty of ± 10%. Assuming no internal changes to the instrument due to landing or transport back to Wyoming, the postflight sizes will be assumed for the flight.
Mixing ratios of HNO 3 and H 2 O were obtained from the Microwave Limb Sounder (MLS) on the Aura satellite from the day before the flight through the flight. These mixing ratios showed little longitudinal or temporal variation over the period but did show a slight latitudinal decrease toward the South Pole. Considering this, the quasi-Lagrangian nature of the measurements, and a lack of evidence of significant particle sedimentation during the measurements, average MLS mixing ratios for both HNO 3 and H 2 O were used for the PSC analysis. The average was constructed from the ensemble of zonal mixing ratios matching the gondola trajectory, thus weighting the average to the dominant latitudes during the flight. MLS measurement uncertainties are ± 0.7 ppbv for HNO 3 and ± 15% for H 2 O [Livesey et al., 2011] . The standard deviation of the averages used for the flight are less than the uncertainty of the HNO 3 measurement and similar to the uncertainty of the H 2 O measurement.
Using HNO 3 and H 2 O mixing ratios, as well as an H 2 SO 4 mixing ratio determined from background particle measurements, equilibrium temperatures for ice [Marti and Mauersberger, 1993] and for NAT [Hanson and Mauersberger, 1988] were calculated. An STS threshold temperature, T STS , was defined, following Deshler et al. [2003a] , as the temperature at which the liquid particle volume [Carslaw et al., 1995] increases by 30% with a 0.1°C temperature decrease. Comparing the measured temperature with threshold temperatures, T NAT , T STS , and T ICE , helps determine the possible PSC particle types measured by the WLPC.
Antarctic Stratospheric Particle Observations
A summary of the first WLPC flight over the 6 days of measurements is shown in Figure 2 . The track (Figure 2a ) of the gondola indicates that it remained south of À76°latitude and passed near the South Pole. Measured particle number concentrations ( Figure 2b ) indicate continuous measurements of particles ≤ 0.25 μm with sporadic and random measurements of particles ≥ 0.46 μm. The measurements occurred primarily between T NAT and T STS with potential temperature nearly constant between 410 and 415 K (Figure 2c ). High-frequency temperature variations are apparent and were measured by multiple thermistors: the two "Tsen" thermistors as well as two others located higher in the flight train. Similar measurements from multiple thermistors imply that these variations are real. They may result from gravity wave activity . The measured pressure and density (Figure 2d ) indicate that the gondola remained on a nearly isopycnic surface with variations in pressure < 2-3 hPa and density < 2-3 g m À3 throughout the flight. The high-frequency temperature fluctuations are reflected in the potential temperatures shown (Figure 2c ). The variation of potential temperature throughout the 5 day flight was < 10 K, and < 5 K in the last 4 days, providing reasonable assurance of an instrument following an air mass. Air motions may also not be perfectly isentropic.
For a more complete picture of the temperature history of the air parcels sampled between 9 and 14 September, both isentropic and 3-D back trajectories were calculated using the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model developed by the NOAA Air Resource Laboratory [Draxler and Rolph, 2012] . Figure 3 shows the HYSPLIT isentropic back trajectories and air parcel temperature histories. The Global Data Assimilation System model was used within HYSPLIT which showed a
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warm bias of 1.5°C compared to observations. For the comparison shown, this bias was subtracted from the HYSPLIT temperatures.
The HYSPLIT back trajectories are similar to the gondola trajectories, although there are deviations from the gondola track, up to 300 km, as time increases along the back trajectory. To test this further, forward trajectories were performed for the first few days of the flight and compared with the gondola position. The calculated trajectories deviated from the gondola trajectory by an average of~30 (maximum 60) km/d. These results are similar to the analysis of Boccara et al. [2008] who analyzed the trajectories of smaller superpressure balloons released from McMurdo in 2005. Boccara et al. [2008] show that after several days, simulated trajectories differ from balloon trajectories by several hundred kilometers even when isopycnic trajectories, i.e., mimicking the balloon behavior, were used. Given the errors and unresolved motions in analyzed winds, the difference between modeled and actual trajectory shown in Figure 3a is at least, or perhaps, more likely to result from errors in the analyzed winds used to construct the models, than it is to deviations of the gondola from a quasi-Lagrangian trajectory. The small variations in potential temperature (~1%) along the trajectory are also consistent with a quasi-Lagrangian trajectory. 
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As the balloon reached its float altitude, the air parcel temperatures were primarily above T NAT , Figure 3b , suggesting that initially the air may have been devoid of PSC particles. This conclusion must remain somewhat uncertain since, although the locus of initial measured temperatures were above T NAT for about 12 h, and no NAT-like volumes were observed until 50 h later, the difference with T NAT is small and some trajectory temperatures remained below T NAT . In addition, at these temperatures, and supposing a saturation ratio for NAT of 0.5, it would take more than 12 h to evaporate a 0.5 μm particle . After this initial warm period, the air parcel temperature cooled within about a day to 2-3°C below T NAT and remained at temperatures about 1°C warmer than T STS for the next 4 days, until contact with the instrument was lost. Temperature histories from the 3-D trajectories (not shown) were warmer, by~1°C, than the isentropic bias-corrected temperatures at the point where the gondola reached its float altitude; they then settled to match the isentropic temperatures within the next couple days of the flight.
Late in the day on 10 September the temperature approached T ICE ; however, all particles measured during this coldest period were less than 0.46 μm indicating that temperatures were not cold enough to initiate ice formation. To induce homogeneous freezing temperatures roughly 3°C below T ICE are required [Koop et al., 2000] . HYSPLIT temperatures, observed temperatures, and particle concentrations are all consistent with the conclusion that temperatures throughout the sampling period remained above T ICE . While the coldest temperatures occurred on 10 September, high-frequency temperature fluctuations on the order of 2-3°C persisted, suggesting frequent excursions below T STS although the majority of measurements were about 0.5°C warmer than T STS , and well below T NAT . These cold temperature measurements were investigated for the presence of STS, which would be reflected in particle growth, but none was found.
Determining Particle Phase
Without a direct measurement of particle phase, the type of observed particles is inferred by comparing model volumes for NAT, STS, and ice with volumes derived from the particle measurements. NAT and ice model volumes were found by comparing MLS HNO 3 and H 2 O mixing ratios with saturation mixing ratios of HNO 3 over NAT [Hanson and Mauersberger, 1988] and of H 2 O over ice [Marti and Mauersberger, 1993] as a function of temperature. The differences in mixing ratios represent the condensed gas and can be converted to volume. STS model volumes were calculated following Carslaw et al. [1995] .
Total measured particle volumes were determined by fitting lognormal size distributions to WLPC particle measurements, allowing either a unimodal or bimodal fit [Deshler et al., 2003b] . For these fits the total number concentration of the distribution, N o , was determined from condensation nuclei counter profile measurements on 29 August 2010 and 24 September 2010 from McMurdo [Campbell and Deshler, 2013] . Both profiles showed concentrations of~10 cm À3 at the WLPC float altitude. With N o measured, a unimodal distribution can be determined with two additional size-resolved concentration measurements, whereas a bimodal distribution requires five additional size-resolved concentration measurements. The lognormal distribution parameters were determined by minimizing the root-mean-square error between the logarithm of the fitted distribution and the measurements.
Three categories of size distribution fits to the observations were found, Figure 4 . Over 5000 individual measurements resulted in lognormal fits similar to background stratospheric aerosol, with the largest particles measured around 0.6 μm, Figure 4a . These background distributions comprised the majority of WLPC samples. Eight 10 s samples with broader distributions containing particles up to approximately 3 μm were fit with a bimodal distribution, with a second mode median radius of 0.6 μm (Figure 4b ). This broader first mode distribution and relatively small second mode median radius suggest growth of particles without a nucleation barrier. Similar distributions have been observed in the Arctic [Schreiner et al., 2003; Deshler et al., 2003a] and the Antarctic [Del Negro et al., 1997] where the particles were identified as STS. The third category contained 77 measurements with a second mode median radius > 2.0 μm, indicating growth of particles with a nucleation barrier [Frenkel, 1955] . Since temperatures remained warmer than T ICE throughout the WLPC flight, these particle measurements are indicative of NAT. Of the 77 NAT distributions, 45 had a second mode that extended to particles as large as 5 μm (Figure 4c ) while 32 distributions extended past 5 μm (Figure 4d ). The average of total volumes for the background aerosol distributions was less than 0.04 μm 3 cm À3 while PSC particle volumes averaged > 0.1 μm 3 cm À3 .
Total volume measurements compared to PSC model volumes separated by flight day are shown in Figure 5 . The range of modeled PSC volume reflects the MLS uncertainties in gas phase mixing ratios which were held constant for this analysis, as would be expected for a Lagrangian measurement. Figure 5 shows the dominance of background volumes for each day of the WLPC flight, while most volumes larger than background did not occur until the third day; two days after temperatures fell below T NAT . Ten second samples consistent with NAT represented < 1% of the total number of samples. The decrease in gas phase HNO 3 due to uptake by such a small fraction of NAT is~0.03 ppbv, which is well below the 0.7 ppbv uncertainty in the MLS HNO 3 measurement.
The first indication of observed volumes larger than background is shown on 11 September ( Figure 5c) ; although, four out of five of these volumes were larger than any of the PSC models. The four 10 s measurements at À86°C all occurred within the first minute of one 2 min sampling period and had STS-like size distributions. These four distributions are included in the average distributions in Figure 4b . These larger volumes are a mystery. Perhaps they result from a narrow pocket of highly saturated air occurring due to massive denitrification from above, but this cannot be tested. Sedimentation from a PSC above, with quite a different character from the gondola measurements is also unlikely. The Global Forecast System (GFS) was used to analyze temperatures above the gondola, and along back trajectories before the flight. These indicate that the coldest temperatures above the gondola were only~2°C colder than those measured at the gondola around 17 km. Temperatures at 50-30 hPa were~2°C above T NAT on 5 September, and temperatures at these upper levels did not go below 1°C colder than T STS through the rest of the flight. NAT particle sedimentation to the flight altitude is thus possible; however, STS or ice particles are unlikely. Assuming particle sizes similar to those measured, sedimentation would have been limited to 30-90 m above the gondola for the two previous days of the flight. This close to the gondola, these particles must have formed similarly to those at the WLPC altitude. Thus, the upper level temperature structure does not help explain the large particles. They remain a mystery.
After 11 September, each day showed an increasing number of observed volumes that fit the model of NAT growing to its equilibrium size or volumes below NAT but consistent with STS (Figures 5d-5f ). Larsen et al.
[1997] investigated temperature histories of PSCs observed from balloon-borne profile measurements and concluded that 1-2 days at temperatures colder than T NAT are required for NAT to form. WLPC findings match those of Larsen et al. [1997] as 2 days of measurements below T NAT occurred before volumes larger than background levels were observed.
Determining NAT Nucleation Rate
The increase in NAT-like volumes with longer time span below T NAT suggests that the development of NAT PSCs has a time component which is analyzed in Figure 6 . Approximately 50 h below T NAT were observed by the WLPC prior to measurements of volumes > 0.2 μm 3 cm À3 , shown in Figure 6a . Evident in Figures 6, 5e , and 5f are two issues which need to be addressed. The first is the bifurcation in the estimates of measured volume for particles above the background aerosol. There are observations of volumes slightly > 0.1 and then near 0.7 μm 3 cm À3 . This bifurcation is reflective of the poor size resolution of the instrument. The measurements produce the lower volumes when the largest particle sensed is between 2.5 and 4.5 μm, thus triggering the 2.5 μm channel. The upper volumes arise when a particle between 4.5 and 12 μm is sensed and triggers the 4.5 μm channel. If the size resolution was finer at the large sizes, a more continuous distribution of volumes between 0.1 and 0.7 μm 3 cm À3 would be observed.
The second is the spatial and temporal discontinuity in the PSC measurements, which decreased with time.
Between measurements consistent with PSCs there are many observations devoid of PSC particles. It is unknown why there is so much discontinuity in air that should contain PSCs. This is a surprise and does not fit with current understanding of PSCs. While it is impossible to rule out instrument error, or contamination on a remote drifting gondola, the fact that all measurements, with the exception of four, fit well within the realm of possible size distributions for PSCs and stratospheric aerosol, that the instrument was sensitive to all particle sizes throughout the measurement cycle, and that it performed as expected in postflight tests, all lead to the conclusion that the discontinuities are real.
To obtain a nucleation rate from the measurements, the number of particles in the second mode from NATlike volumes (0.08 μm 3 cm À3 < volume measured < 1.0 μm 3 cm À3 ) in a 1 h period were divided by the total air volume measured in that hour. These 1 h bins of NAT particles nucleated per air volume measured were plotted against time below T NAT indicating an increase with time ( Figure 6b) . A nucleation rate for NAT is given by the slope of the line fit to the 1 h binned measurements. The measured nucleation rates calculated in this way are 1.7 × 10 À4 m À3 s À1 if all measurements below T NAT are used, or 2.5 × 10 À4 m À3 s À1 if only measurements at 3°C below T NAT , when the temperature stabilized, are used.
The derived nucleation rates depend on the concentration of the second mode, N 2 , when a NAT-like volume is observed. Uncertainties for the nucleation rate are found by estimating the uncertainty in determining N 2 , which can be estimated as the fractional uncertainty in a concentration measurement [Deshler et al., 2003b] , which is (NF / S) À1/2 , where N is the concentration, F the flow rate (167 cm 3 s À1 ), and S = 0.1 Hz. From Figure 5 N 2 =~0.001 cm À3 , which results in an uncertainty of ± 80%. This value of N 2 is higher than the NAT concentration shown in Figure 6b because NAT concentration also accounts for all the air that was sampled which did not contain any large NAT particles. If a similar Poisson uncertainty is applied to the NAT concentrations of 0.0001 cm À3 , the uncertainty is ± 250%.
With these uncertainties in N 2 Monte Carlo simulations were used to provide a new temporal history of N 2 , allowing each measurement of N 2 to randomly vary within ±80% or within ± 250% of the N 2 measured. For each simulation the slope, or nucleation rate, was recalculated. Since the errors are random, the average of the perturbed nucleation rates will not differ from those quoted above, but the distribution of nucleation rates around these averages provides an uncertainty on the slopes of the lines fit to the data in Figure 6b . The standard deviation of the Monte Carlo nucleation rates are ±15% and ± 45%, with the 95% confidence intervals at ±6 × 10 À5 m À3 s À1 , and ± 2 × 10 À4 m À3 s À1 for the two values of uncertainty in N 2 . While this uncertainty range calculation is straight forward, given the uncertainties on N 2 and on the concentration of NAT, it does not reflect other uncertainties which are difficult or impossible to quantify, such as uncertainties in when the gondola cooled and stayed below T NAT , the impact of intermittent sampling, and variations in exact air parcel temperature and vapor pressure history. For these reasons the uncertainty range shown in Figure 6b was taken as the sum of the two uncertainties on N 2 , ± 60%.
Previous nucleation rates have been determined using temperature histories to find the time below T NAT before a NAT PSC, or denitrification is observed, and then use microphysical models with varying nucleation rates to reproduce the measurement. A variety of such nucleation rates have been estimated. Tabazadeh et al. [2001] used modeled homogeneous freezing to indicate denitrification for one Antarctic and two Arctic winters and found an average NAT nucleation rate of 1 × 10 À3 m À3 s
À1
. Balloon-borne profile measurements of PSC particles over the Arctic from Larsen et al. [2004] Even the smallest nucleation rate found with previous measurements is almost 4 times greater than that found with the quasi-Lagrangian WLPC measurements. These are two main differences between previous nucleation rates and the WLPC measurements.
(1) All previous nucleation rate calculations, except the one Antarctic winter averaged with two Arctic winters considered by Tabazadeh et al. [2001] , are over the Arctic and were in nondehydrated, nondenitrified conditions. The WLPC measurements were over Antarctica and within dehydrated and denitrified conditions. (2) Previous estimates of NAT nucleation rate used model temperature histories for the time below T NAT before the particle concentration or denitrification was observed. The WLPC floated with the air parcel starting just before the parcel cooled below T NAT . These measurements allowed particles to be measured as they appeared in the air parcel. Therefore, the WLPC observations provided the first direct measurement of a NAT nucleation rate, rather than determining one through fitting short-term observations using a microphysical parcel model.
NAT nucleation rates will depend on the degree of supercooling below T NAT , on the concentration of heterogeneous NAT nuclei, and on the presence of extreme temperature fluctuations. The importance of these cannot be determined with these measurements. There are only a few degrees of supercooling between T NAT and T STS . For these quasi-Lagrangian measurements there is a slight to nonexistent trend in the temperature offset below T NAT between 20 and 120 h after the temperature falls below T NAT , Figure 6 . The concentration of heterogeneous NAT nuclei, if they exist, will decrease through winter as NAT particles fall to lower altitudes. The loss of heterogeneous NAT nuclei would cause the NAT nucleation rate to decrease over the winter. The WLPC measurements occurred only at the end of the winter. The temperature fluctuations experienced were not large enough to cause nucleation from large supercooling. Another complication for the inferred nucleation rates could be sedimentation of large particles; however, there is a limited range above the gondola where NAT could have nucleated and fallen to the sampling altitude. Such particles would primarily be exposed to similar conditions as the gondola, so contamination from these particles is expected to be low and if present would lower the nucleation rate inferred. Finally, the accuracy of the measured nucleation rate is tempered slightly by the extent to which the flight trajectory deviated from a Lagrangian trajectory.
The measurements here indicate that when the observed particle volumes are consistent with NAT, the amount of particle growth is at the limit of what the HNO 3 vapor would provide in equilibrium, thus implying no growth barrier to NAT when it has formed. But the observations also suggest that NAT clouds can have a very sparse nature, even when conditions are favorable for NAT. Thus, the common model assumption that once temperatures are cold enough for NAT to form, the NAT particles are grown to equilibrium, causing subsequent widespread denitrification, may be in error. This could lead to a high bias in modeled denitrification [Davies et al., 2005; Feng et al., 2011] since the spatial heterogeneity of NAT clouds implied by these measurements is not considered.
Conclusions
The joint French-United States Concordiasi project's release of long-duration superpressure balloons from McMurdo Station, Antarctica, in 2010, provided a platform for the study of PSC formation. Temperature and particle measurements from one of these superpressure balloons indicated a nearly ideal environment for observation of NAT formation.
GPS position and temperature measurements over 6 days along the isopycnic surface on which the balloon floated were consistent with the Lagrangian back trajectory HYSPLIT model (within measurement and back trajectory uncertainties) indicating the quasi-Lagrangian nature of the measurements. The instrumented gondola reached its float altitude in the stratosphere at temperatures warmer than T NAT . The air then cooled in 24 h to 2-3°C colder than T NAT , close to T STS and above T ICE , and then remained at this temperature for the next 100 h.
Particle measurements indicated the dominance of background size distributions throughout the measurement period. There were, however, 77 particle distribution measurements with a well-defined second mode.
Journal of Geophysical Research: Atmospheres
10.1002/2013JD020326
These distributions had particle volumes in agreement with NAT model volumes [Deshler et al., 2003a] but were not observed until 2 days after the air temperature cooled below T NAT. The number of observed particle volumes near NAT model volumes then increased with time below T NAT .
Using the number of particles in the second distribution mode, for NAT-like size distributions, as a surrogate for NAT particles, the change in the number of NAT particles observed over time was used to infer an observed NAT nucleation rate of approximately 2 × 10 À4 m À3 s À1 ± 60%. This nucleation rate is approximately 4 times smaller than previous estimates inferred from matching microphysical models to short-term measurements in the boreal early winter. Reasons for such differences could be related to differences between Antarctic and Arctic measurements, differences between early and late winter observations, or differences between the results here, inferred directly from measurements, and previous estimates that use microphysical models to match theoretical particle estimates with short-term particle measurements [Tabazadeh et al., 2001; Larsen et al., 2004; Grooβ et al., 2005] . Last, there is some previous indication that the NAT nucleation rate may decrease throughout the winter [Grooβ et al., 2005] as denitrification from early season PSCs removes HNO 3 or heterogeneous NAT nuclei become rarer due to sedimentation of particles earlier in the season. Our measurements correspond to the late winter time period.
